Abstract Larvae of Galleria mellonella are widely used for evaluating the virulence of microbial pathogens and for measuring the efficacy of anti-microbial agents and produce results comparable to those that can be obtained using mammals. In this work, the suitability of using G. mellonella larvae to measure the relative toxicity of a variety of food preservatives was evaluated. The response of larvae to eight commonly used food preservatives (potassium nitrate, potassium nitrite, potassium sorbate, sodium benzoate, sodium nitrate, sodium chloride, sodium nitrite and sodium acetate) administered by feeding or by intra-haemocoel injection was measured. A significant correlation between the LD 50 (R 2 = 0.8766, p = 0.0006) and LD 80 (R 2 = 0.7629, p = 0.0046) values obtained due to oral or intrahaemocoel administration of compounds was established. The response of HEp-2 cells to the food preservatives was determined, and a significant correlation (R 2 = 0.7217, p = 0.0076) between the LD 50 values of the compounds administered by feeding in larvae with the IC 50 values of the compounds in HEp-2 cells was established. A strong correlation between the LD 50 values of the eight food preservatives in G. mellonella larvae and rats (R 2 = 0.6506, p = 0.0156) was demonstrated. The results presented here indicate that G. mellonella larvae may be used as a model to evaluate the relative toxicity of food preservatives, and the results show a strong positive correlation to those obtained using established cell culture and mammalian models.
Introduction
The insect immune response consists of inter-connected humoral and cellular components and demonstrates many similarities to the innate immune response of mammals (Kavanagh and Reeves 2004) . As a consequence of these similarities, insects have been utilized as model systems for studying the virulence of microbial pathogens and for assessing the efficacy of anti-microbial drugs and give results comparable to those that can be obtained using mammals (Desbois and Coote 2012; Mylonakis et al. 2005) . A number of insect models are now established for these purposes including Drosophila melanogaster (Chamilos et al. 2011; Lionakis and Kontoyiannis 2005) , Galleria mellonella larvae (Cook and McArthur 2013; Fallon et al. 2012; Rowan et al. 2009 ) and Bombyx mori (Hamamoto et al. 2009 ). Insects have also been utilized to measure the relative toxicity of novel antimicrobial agents (Desbois and Coote 2012) and the toxicity of food additives (Grunwald et al. 2013; Sarikaya and Cakir 2005) . Another advantage of insects as an in vivo model system is that they possess a lower pain perception than vertebrates, and there are no ethical or legal issues surrounding their use.
G. mellonella larvae offer many advantages as an in vivo screening system, including the ability to survive temperatures in excess of 30°C and the possibility of administering accurate doses of test compounds via three routes (topical application, feeding or intra-haemocoel injection). As a consequence, G. mellonella larvae are now widely used for screening microbial pathogens (Fallon et al. 2011; Fuch et al. 2010) and for assessing in vivo activity of novel anti-microbial agents (Kelly and Kavanagh 2011) . Larvae of G. mellonella have also been utilized to study the pathogenicity of Listeria, which produces neural pathologies in larvae similar to those evident in humans (Mukherjee et al. 2013) .
The insect and mammalian gastrointestinal tracts share many histological, anatomical and physiological structural functions. The microvilli in the midgut of G. mellonella larvae contain microbes that resemble those found in the intestinal microvilli of mammals (Mukherjee et al. 2013) . The insect fat body is an organ that functions in metabolism and is similar to the liver of mammals (Buyukguzel et al. 2013) . A number of cytochrome P450 and sulfo-, glutathione-or glucoseconjugation enzymes, which are involved in drug detoxification, are located in the fat body. Haemolymph, which circulates in the insect body cavity (haemocoel), is a functional analogue of mammalian blood; however, it does not transport gases. The haemolymph contains haemocytes which function in transportation and in the immune defence of the insect (Kavanagh and Reeves 2004) . The humoral immune response results in the process of melanization and the production of a range of anti-microbial peptides to immobilize and kill an invading pathogen respectively.
A wide range of mammalian cell lines have been utilized for assessing the in vitro toxicity of compounds (Fotakis and Timbrell 2006) . Human epithelial type 2 (HEp-2) cells were originally derived from a human laryngeal carcinoma and have been utilized to determine the efficacy of anti-cancer drugs (Rossi et al. 2003) , the cytotoxicity of nanoparticles (Ahamed et al. 2015) and the toxicity of food additives (Angelis et al. 1994) .
Preservatives are widely used in the food industry to inhibit microbial growth or prevent chemical changes that would adversely affect the quality of foods. Food preservatives such as sodium chloride and sodium acetate (E262) belong to a group of food additives composed of anti-microbials, anti-oxidants and antibrowning agents (Carocho et al. 2014) . The antimicrobial agent potassium sorbate (E2020) can be employed in foods with higher pH values, whereas another sodium benzoate (E211) can be used with acidic foods. Potassium/sodium nitrate (E252/E251) and potassium/sodium nitrite (E249/E250) are used for curing in the meat industry. Nitrites are considered the only food preservative that inhibits the production of the botulinum toxin, thereby justifying their use in a benefit/risk scale in the food industry. The acute toxicity of a compound intended for use as a food additive or preservative is measured as the calculated dose of a substance that is expected to cause the death of 50 % of a defined experimental animal population and is known as the lethal dose 50 (LD 50 ) value.
The aims of the work presented here were to evaluate the potential of using G. mellonella larvae as a rapid in vivo screening system for assessing the relative toxicity of a range of widely used food preservatives and to compare the relative toxicity of the compounds to that obtained using a cultured human cell line and rats.
Materials and methods

Chemicals
All chemicals and reagents were of the highest purity and quality and were purchased from Sigma Aldrich Co. Ltd., Dorset, UK, unless otherwise stated.
G. mellonella larvae
Larvae of the sixth developmental stage of G. mellonella were obtained from the Meal Worm Company (Sheffield, England). Larvae were stored in wood shavings in the dark at 15°C prior to use. Larvae that weighed 0.22 ± 0.03 g were used within 2 weeks of receipt. For each treatment, ten healthy larvae were placed in sterile 9-cm petri dishes lined with Whatman filter paper and containing some wood shavings.
G. mellonella intra-haemocoel inoculation and force-feeding
The test compounds were dissolved and diluted to the required concentrations. Samples (20 μl) were injected into the G. mellonella haemocoel through the last left pro-leg using a Myjector syringe (Terumo Europe) as described previously (Cotter et al. 2000) . In order to administer compounds by the feeding route, a blunted Myjector syringe was gently inserted into the mouth of larvae to force-feed 20 μl of each solution (Mukherjee et al. 2013 ). The inoculated larvae were incubated at 30°C for 48 h. For the assessment of larval viability, larvae were gently probed with a blunt-ended needle and if no response was observed, the larvae were considered to be dead. The LD 50 and LD 80 values were defined as the concentration of compound that resulted in 50 or 80 % larval mortality respectively after 48 h.
Mammalian cell culture
HEp-2 cells were grown in 25 cm 2 tissue culture flasks (Sarstedt) containing Eagle's minimum essential medium supplemented with 5 % (v/v) foetal calf serum and 2 % (v/v) glutamine and incubated at 37°C in a humidified atmosphere containing 5 % CO 2 . Confluent cells were trypsinized, enumerated and used to seed 96-well plates (Corning Incorporated Costar®) at a density of 1 × 10 4 cells/well in 100 μl minimum essential medium (MEM) culture medium. After 24 h, incubation cells were exposed to different concentrations of the test compounds dissolved in MEM. The plates were incubated at 37°C and 5 % CO 2 for 7 days prior to the quantification of cell growth.
Quantifying effect of food preservatives on cell growth
The effect of the test compounds on the growth of HEp-2 cells was determined using the acid phosphatase assay (Yang et al. 1996) . Following incubation, medium containing test compounds was removed from each well, and the attached cells were washed with PBS. To each well, 100 μl of buffer containing 0.1 M sodium acetate (pH 5.0), 0.1 % Triton X-100 and 5 mM p-nitrophenyl phosphate was added, and the plates were incubated at 37°C and 5 % CO 2 for 2 h. The reaction was stopped with the addition of 5 μl of 1 M NaOH, and colour development was assayed at 405 nm, using a microplate reader (Boi-Tec® Synergy HT). The percentage growth of HEp-2 cells in the presence of food additives was determined. The IC 50 was defined as the concentration of agent that inhibited growth of HEp-2 cells by 50 % over the period of the experiment.
Statistical analysis
All assays were performed on three independent occasions. GraphPad software was used to generate fifth-order polynomial regression lines from larval viability data to determine LD 50 and LD 80 values. Results are expressed as the mean ± SE and were compared by t test, using GraphPad. Differences were considered significant at p < 0.05.
Results
Assessment of effect of food preservative agents on G. mellonella G. mellonella larvae were administered the food preservative agents by force-feeding or by intra-haemocoel injection as described, and the LD 50 and LD 80 values of each compound were determined (Figs. 1 and 2) . The relative toxicity of each compound in larvae was greatest when administered by intra-haemocoel injection compared to the feeding route. For example larvae administered potassium nitrite by intra-haemocoel injection (Fig. 2) showed an LD 50 value of 2 × 10 −6 M, compared to an LD 50 value of 4 × 10 −6 M when larvae were force-fed the compound. Larvae administered sodium benzoate into the haemocoel showed an LD 50 value of 4 × 10 −6 M, compared to an LD 50 value of 9 × 10 −6 M in larvae that were force-fed with the compound. Larvae administered compounds by the intrahaemocoel route also showed elevated levels of melanization compared to those administered similar concentrations of compound by feeding (data not presented). A strong correlation between the LD 50 and LD 80 values for each compound in larvae due to feeding or intra-haemocoel injection was established (Fig. 3) . The results show an R 2 value of 0.8766 (p = 0.0006) between the LD 50 values and an R 2 value of 0.7629 (p = 0.0046) between the LD 80 values obtained due to feeding and intra-haemocoel administration respectively.
Response of HEp-2 cells to food preservative compounds
HEp-2 cells were exposed to different concentrations of the food preservatives as described, and the effect on growth after 7 days of incubation was assessed using the acid phosphatase assay. Higher concentrations of the compounds reduced growth of the HEp-2 cells (Fig. 4) . For example exposure to 1.0 × 10 −6 M sodium nitrate reduced growth by over 95 %. The IC 50 and IC 80 values for each compound in HEp-2 cells were determined. The relative toxicity of some compounds when tested against HEp-2 cells was similar to the toxicity observed in G. mellonella. For example potassium nitrite and sodium nitrite were the two most toxic food preservatives in both model systems, whereas sodium chloride was the least toxic compound in both systems.
An R 2 value of 0.7666 (p = 0.0076) and 0.5032 (p = 0.0488) was obtained by plotting the LD 50 value for each compound obtained via force-feeding larvae or by intra-haemocoel challenge respectively, with the IC 50 value obtained using HEp-2 cells (Fig. 5a, b) .
Correlation between response of larvae and rats to food preservative compounds LD 50 values for compounds in rats were previously recorded to be as follows: potassium nitrite 200 mg/kg, sodium nitrite 180 mg/kg, sodium benzoate 4070 mg/kg, potassium sorbate 4340 mg/kg, sodium acetate 3530 mg/kg, sodium nitrate 1267 mg/kg, potassium nitrate 3750 mg/kg and sodium chloride 3000 mg/kg (Chemistry 2016; Pfizer 2007; Scholar 2009 ). The LD 50 values of each food preservative as determined in rats by Fig. 2 Survival (%) of Galleria mellonella larvae following administration of food preservatives by intra-haemocoel injection. Larvae (n = 10) were administered compounds by intra-haemocoel injection. All values are the mean ± SE of three independent determinations Fig. 1 Survival (%) of Galleria mellonella larvae following feeding with different concentrations of food preservatives. Larvae (n = 10) were administered compounds by feeding. All values are the mean ± SE of three independent determinations feeding was plotted against the corresponding LD 50 for the compounds obtained by feeding G. mellonella larvae. The resulting graph (Fig. 6) shows a positive correlation between the LD 50 values obtained in both systems (R 2 = 0.6506, p = 0.0156).
Discussion
The many structural and functional similarities between the immune response of insects and the innate immune system of mammals (Browne et al. 2013 ) have been exploited to allow the use of insect as in vivo models for screening microbial pathogens and for measuring the efficacy of anti-microbial drugs. The similarities between the insect and the mammalian gastrointestinal and hepatic systems could also be exploited to allow the use of insects as models for measuring the relative toxicity of food preservatives and other food additives. D. melanogaster has been utilized to evaluate the toxicity of a wide range of products including pesticides (Arain et al. 2014) , solvents (Soos and Szabad 2014) and nanoparticles (Carmona et al. 2015) . The Drosophila wing spot test is a well- Fig. 3 Correlations between the LD 50 (a) and LD 80 (b) values of food preservatives when administered to Galleria mellonella larvae by feeding or by intra haemocoel injection. PNi potassium nitrite, SNi sodium nitrite, SB sodium benzoate, PS potassium sorbate, SA sodium acetate, SNa sodium nitrate, PNa potassium nitrate, SC sodium chloride Fig. 4 Effect of food preservatives on growth of HEp-2 cells. HEp-2 cells were exposed to different concentrations of food preservatives, and the effect on growth was quantified using an acid phosphatase assay. All values are the mean ± SE of three independent determinations established method for measuring the genotoxicity of compounds (Graf and Singer 1992) and has been employed to measure the genotoxicity of four food preservatives (sodium nitrite, sodium nitrate, potassium nitrite and potassium nitrate) (Sarikaya and Cakir 2005) . The red flour beetle (Tribolium castaneum) has been utilized to investigate the effect of the food contaminant acrylamide on fitness and survival (Grunwald et al. 2013) and demonstrated a correlation with results obtained using rats (Wang et al. 2010) . In the work presented here, G. mellonella larvae were administered doses of food preservative by force-feeding or by intra-haemocoel injection. The results demonstrated that the compounds were toxic irrespective of the route of administration, but the toxicity of the compounds was greatest when administered by direct injection into the haemocoel. The difference in the relative toxicity observed between the routes of administration may be explained by the structure of the insect digestive system. The insect foregut and hindgut are covered by cuticle, and the midgut epithelium is protected by the peritrophic membrane. Both the cuticle and the peritrophic membrane retard the entry of ingested microbes into the haemocoel (Vallet-Gely et al. 2008 ), and these structures may limit the entry of the food preservatives administered by the feeding route into the haemocoel and therefore reduce the relative toxicity.
The relative toxicity (LD 50 ) of the compounds in larvae is virtually identical by the different routes of administration. The only discrepancy is the relative toxicity of sodium nitrate and sodium acetate in larvae administered the compounds by feeding or by intrahaemocoel challenge. Strong positive correlations between the LD 50 and LD 80 values for each compound obtained by the different administration routes in larvae were established.
HEp-2 cells are widely used for screening the in vitro activity of anti-cancer drugs (Rossi et al. 2003) and have previously been employed to measure the relative toxicity of food additives (Stefanidou et al. 2003) . The effect of the compounds on the growth of HEp-2 cells was determined, and a significant correlation between the effect of the compounds on the growth of HEp-2 cells and the response of larvae to the compounds was established. A strong correlation between the relative toxicity of the compounds is observed between HEp-2 cells and larvae force-fed or administered the compounds by intra-haemocoel challenge.
A positive correlation (R 2 = 0.6506, p = 0.0156) between the LD 50 values obtained for the preservatives in rats and in G. mellonella larvae administered the compounds by feeding was established (Fig. 6) .
In recent years, insects have been widely used as in vivo model systems (Cook and McArthur 2013) for studying the virulence of pathogens (Jacobsen 2014; Kavanagh and Fallon 2010) , for assessing the activity of anti-fungal agents (Lionakis and Kontoyiannis 2005) and for assessing the efficacy and toxicity of novel antimicrobial drugs (Hamamoto et al. 2009; Rowan et al. 2009 ). The results presented here indicate that larvae of G. mellonella may be a useful model system for assessing the relative in vivo toxicity of food preservative agents and generate results that show a strong correlation to those that can be obtained using a cultured cell line or mammals. While an alternative system such as G. mellonella larvae will never replace the need to use mammals for evaluating the relative toxicity of food preservatives, their use may lead to a reduction in the number of mammals required for such testing and enables more the rapid testing of the toxicity of novel food preservatives.
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